I. INTRODUCTION
Developing high energy density energy storage device is one of most important research goals as energy storage is the probable key solution for the utilization of alternative energy and thus for the replacement of fossil fuels and traditional energy sources.
1-7 Lithium-ion-battery (LIB) is a potential candidate for energy storage application and LIB has wide range of applications due to its high energy density, light weight, and long cycle life. 3, [8] [9] [10] The route towards innovating future LIB depends on either synthesizing novel electrode materials or formulating a unique electrolyte with higher voltage window. Presently, graphite is widely used as anode materials for the commercial productions of LIBs but lithium storage capacity of graphite is limited. The multilayer nature of graphite materials limits Li-ion diffusion, resulting in low charge-discharge rate performance for the battery. 3, 9 To improve the charge-discharge rate, extensive research has been done focusing on Li-ion and/or electron transport in electrode. Carbon based materials are broadly studied for LIB anode materials because of their desirable features, such as low cost, light weight, thermal, and chemical stability. 3, 8, 9, [11] [12] [13] [14] Ji et al. showed that porous carbon (PC) nanofibers have better reversible capacity and cycling performance than conventional graphite anode due to the porous structure that facilitates the ion transport. 11 Juan et al.
showed that porous carbon structure is an excellent candidate for anode materials for high power density LIB. 15 In addition, various nanomaterials of metal oxides have been used as anode materials for LIB. 3, 5, 12 TiO 2 nanomaterials demonstrated its effectiveness as anode materials and this metal oxide is abundant in nature, low cost, and environmentally benign. 3, [16] [17] [18] Hybrid nanostructures electrodes which interconnect nanostructured electrode materials with conductive additive nanophases is another way of improving Li-ion insertion properties. 3, 10, 19 For example, hybrid nanostructures, such as Mn 3 O 4 -graphene hybrids or LiFePO 4 -RuO 2 nano-composite, combined with conventional carbon additives (e.g., acetylene black), have demonstrated an increased Li-ion insertion/extraction capacity in hybrid electrodes at high charge/discharge rates. 5, 20 Graphene, a single layer of graphite with perfect 2D crystal of sp 2 hybridized carbon atoms, has been found to have extraordinary properties that could further enhance LIB performance. It has high specific surface area (2600 m 2 /g) and can sustain at a current density up to six times that of copper. 3, 5, 9, 21, 22 Therefore, graphene has been found as the ideal conductive additive for hybrid nanostructured electrode. However, synthesizing graphene through chemical vapor deposition (CVD) method or thermal reduction of graphene oxide (GO) is expensive and time consuming, leading to high cost and limited scale application.
In this paper, we demonstrated using a highly efficient and low cost synthesize method of fabricating a hybrid anode structure using microwave exfoliated graphene oxide (MEGO) and TiO 2 nanowires (TON). The MEGO was obtained through microwave treatment of solution processed GO. Later, a simple hydrothermal method was utilized to obtain TiO 2 nanowires on exfoliated graphene oxide sheet. This obtained MEGO-TON hybrid electrode material was compared with PC. The MEGO-TON hybrid has shown higher reversible capacity and rate capacity than PC when used in LIB as anode material. This simple hybrid anode material synthesis method has the potential to be utilized for large-scale anode material production for LIBs.
II. EXPERIMENTAL PROCEDURE
A. Synthesis of graphene oxide Improved Hummer's method was utilized for the synthesis of GO. 23 A 9:1 mixture of concentrated H 2 SO 4 /H 3 PO 4 (360:40 ml) (Fisher Scientific/EM Science, respectively) was added to a mixture of graphite flakes (3.0 g, 1 wt. equivalent) (Alfa Aesar, natural, 10 mesh, 99.9%) and KMnO 4 (18.0 g, 6 wt. equivalent) (Fisher Scientific). The reaction was then heated to 50 C in a water bath and stirred for 12 h. The reaction was cooled to room temperature and poured onto ice and D.I. water mixture ($400 ml) with 30% H 2 O 2 (3 ml). The mixture was then thoroughly mixed and centrifuged to decant away supernatant. The remaining solid material was then washed in succession with 200 ml of water, 200 ml of 30% HCl (diluted: 37.3% Assay, Fischer Scientific), and then several general washes with water. The remaining solid material was vacuum dried overnight at 50 C.
B. Microwave exfoliation of graphene oxide (MEGO)
GO obtained from improved Hummer's method was treated in a microwave oven (Haier, Model: MWMM0701TB) in ambient condition at 700 W for 1 min. A large volume expansion of GO was observed. Due to the microwave radiation, the GO was exfoliated and became fluffy black powder which indicates reduction of the GO.
C. Synthesis of TiO 2 nanowires on MEGO
The TiO 2 nanowires were synthesized following a simple hydrothermal method. 24 Microwave reduced graphene oxide (0.5 g) was transferred to a 250 ml Pyrex glass bottle and mixed with a 100 ml solution containing DI water and concentrated hydrochloric acid (HCl, 37.3% Assay, Fischer Scientific) in a 1:1 volume ratio. Subsequently, 5 ml of the titanium tetrachloride (99.0% purity, Sigma Aldrich) was added drop-wise to this solution. The glass bottle was then placed inside and aluminum cylinder and transferred into an oven at 160 C for 4 h. After that, the resulting materials were rinsed several times with DI water and dried at 90 C for 30 min.
The as-prepared samples were characterized using powder X-ray diffraction (XRD, B8 Discover, Bruker) and scanning electron microscopy (SEM, S-4800, Hitachi). In the above reaction condition, the formation of TiO 2 nanowires takes place as follows:
Later, the obtained materials were heated at 450 C for 2 h in argon environment for complete reduction of the MEGO.
D. Anode preparation
For making anodes for both PC and MEGO-TON hybrid electrodes, Polyvinylidene Fluoride (PVDF, MTI Corporation, purity ! 99.5%) was used as binding material. PVDF was dissolved in N-Methyl-2-pyrrolidone (NMP, MTI Corporation, purity ! 99.5%) at a 1:2.5 weight ratio by heating at 80 C. Later 80 wt. % active material and 10 wt. % activated carbon were dispersed in 10 wt. % PVDF with excess NPM to prepare homogenous slurry using a homogenizer. Then the slurry was coated on copper foil and dried at 100 C on a hot plate. Next, a precision disc cutter from MTI Corporation was used to cut anodes with 13 mm diameter. Later, the anodes were kept overnight in a vacuum oven. The anode preparation view is schematically shown in Figure 1 .
E. Coin cell assembly
Coin cells (CR 2032) were assembled using either PC or MEGO-TON hybrid as electrodes and lithium metal foil as counter electrode inside an argon filled glovebox (Unilab, MBraun). Oxygen and moisture level were kept less than 0.1 ppm inside the glovebox. One molar LiPF 6 in ethylene carbonate (EC), dimethyl carbonate (DMC), and diethyl carbonate (DEC) organic solvent at 1:1:1 volume ratio was used as electrolyte as received (MTI Corporation). Celgard 2500 was used as the separator. A schematic view for coin cell assembly is shown in Figure 2 .
III. RESULTS AND DISCUSSION
The surface morphology of the MEGO is shown in Figure 3 XRD analysis on the MEGO-TON hybrid utilizing a XRD (B8 Discover, Bruker) is shown in Figure 4 . All the peaks matched with the standard diffraction data of rutile TiO 2 (PDF file #01-086-0147, P4 2 /mnm, a ¼ b ¼ 4.594 Å , and c ¼ 2.958 Å ). XRD patterns exhibited strong diffraction peaks at 27 , 36 , and 55 indicating TiO 2 in the rutile phase. No extra peaks corresponding to any other secondary phases were observed. 24 Fourier transform infrared (FTIR) spectra were obtained by using a Perkin-Elmer, Spectrum 100, Universal ATR Sampling Accessory with the range of 650-3650 cm À1 in transmittance mode. Figure 5 shows the neat FTIR spectra of GO and MEGO. The FTIR of GO shows the presence of C ¼ O stretching at 1728 cm À1 , graphene sheet aromatic C ¼ C stretching at 1622 cm À1 , broad O-H stretching at 3400 cm , and C-OH stretching at 1222 cm À1 all indicates that the MEGO contains no or very low -COOH and -OH functional groups. 25 To evaluate the electrochemical performance of the electrodes, we investigated the Li-ion insertion/extraction properties in PC and MEGO-TiO 2 hybrid materials using MTI eight-channel battery analyzer. Figure 6(a) shows the galvanostatic charge-discharge curves for PC electrode within the voltage window 0.01-2 V in the 1st, 2nd, 25th, and 40th cycles; Figure 6(b) shows the similar curves for MEGO-TiO 2 hybrid electrode within the same voltage window in the 1st, 2nd, 25th, and 40th cycles. The current density for both electrodes was maintained at 100 mA/g, 200 mA/g, 300 mA/g, and 500 mA/g, respectively, for 40 cycles. The current density was shifted for every five cycles. Note that no obvious voltage plateau was observed for both cases. The significantly high value of capacity in the first discharge is caused largely by the decomposition of the nonaqueous electrolyte and the formation of solid electrolyte interface (SEI) layer on the electroactive materials. This would also likely to protect the electrodes partly and improve the stability of cyclic performance. 26, 27 Figure 6(c) shows the cyclic performance for PC and MEGO-TON hybrid electrode. As mentioned before, the cycling stability of PC and MEGO-TON hybrid electrodes was measured at varied current density within the range of 100-500 mA/g for 40 cycles. For both samples, the specific capacity decreased with the increase in current density. With the increase in cycle numbers, lithium storage performance of PC electrode drops. After 11th cycle, specific capacity for PC anode was 78 mAh/g then reduced to 72 mAh/g after 35th cycle at the same current density (300 mA/g). On the contrary, the specific capacity of MEGO-TON anode was 109 mAh/g then became 111 mAh/g after 35th cycle at similar current density. For the first 20 cycles at current density 100, 200, 300, and 500 mAh/g, the specific capacity of MEGO-TON sample was, respectively, 38%, 38%, 39%, and 56% higher than PC anode. For the next 20 cycles, the specific capacity for MEGO-TON sample was, respectively, 17%, 40%, 55%, and 80% higher than PC sample at similar order of current density. Note that with the percentage increment of specific capacity for MEGO-TON, sample becomes more at higher current density. This increment is due to the TiO 2 nanowires, because all other testing parameters for both batteries are same and same testing parameter is used. It can be explained that charge-discharge cycles create more space to facilitate Li-ion diffusion, augmenting the specific capacity for MEGO-TON anode as the cycle number increases. Lower capacity in the beginning resulted from the incomplete reaction and irreversible lithium loss due to the formation of solid electrolyte interface.
Previously, it was shown that graphene electrode has lower performance than graphene/metal oxide nanowire hybrid electrode because metal oxide nanowires prevent the graphene sheets from agglomerating, preserving high surface area which is favorable for Li-ion storage. 9 Though the PC's porous structure helps for high rate performance by facilitating ion transport, it can be anticipated from the electrochemical results of MEGO-TON hybrid sample that the TiO 2 nanowires provide better elastic buffer space for Li-ion during intercalation/deintercalation, which prevents cracking or crumbling of the electrodes retaining the original properties. Moreover, graphene has high electrical conductivity which benefits the MEGO-TON hybrid electrode in achieving low resistance and electronic/ionic conductivity, therefore leading to a higher specific capacity. Finally, MEGO-TON hybrid electrode provides large electrode/electrolyte contact area and short path length for Li-ion diffusion with good stability, thus further facilitates the Li-ion transport. All above-mentioned reasons are expected to be responsible for the improved anodes with excellent energy storage capacity, cycling stability, and Coulombic efficiency.
IV. CONCLUSION
Energy storage devices, i.e., battery and supercapacitors, are the bases for green energy solutions. A simple method of graphene oxide exfoliation was utilized through microwave radiation and a low-temperature hydrothermal method was employed to synthesize MEGO-TON hybrid material for high performance LIB electrode. SEM image demonstrated that the porous structure was obtained after microwave treatment and nanowires are uniformly distributed on the exfoliated graphene oxide surface after thermal reduction. Highest 80% improvement of specific capacity was found from MEGO-TON hybrid electrode compared to the as purchased PC electrode material in terms of capacitance and cycle stability. The growth of nanowires has a positive synergistic effect that prevents graphene agglomeration and provides pathways for Li-ion insertion/extraction increasing electrode-electrolyte contact area. This simple method can be utilized in a larger scale for high-performance LIBs.
